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Education importance

Education is the
key to success

o fE N




Let's start with the tokamak GOLEM - the smallest
tokamak in the World with the biggest controll room
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The GOLEM tokamak basic characteristics

The grandfather of all tokamaks (ITER newsline 06/18)

m Vessel major radius: Ry = 0.4 m

m Vessel minor radius: rp = 0.1 m

m Maximum plasma current:
[ < 8 kA

m Maximum toroidal magnetic
field: B"™* <05 T

m Typical electron density:
< ne >€(0.2,3) -10% m—3

m Maximum electron temperature:
T < 80 eV

m Maximum discharge duration:
Tp 4 < 25 ms




Tokamak GOLEM @ Wikipedia ..
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WikipepiA  Tokamak

[eRRemayopedis From Wikipedia, the free encyclopedia

’ga'" page This article is about the fusion reaction device. For other uses, see Tokamak (disambiguation).
ontents

Featured content A tokamak (Russian: Tokamak) is a device that uses a powerful magnetic field to confine plasma in the shape of a torus. Achieving a stable plasma \
(Cuszant auant ilibcivien e, cnatic fiald linac that il tho b - halical chana Guch o balical 6ial N SR AR

it decays into a proton and electron with the emission of energy. When the time comes to actually try to make electricity from a tokamak-based reactor, some of the 2
neutrons produced in the fusion process would be absorbed by a liquid metal blanket and their kinetic energy would be used in heat-transfer processes to ultimately
turn a generator.

Experimental tokamaks [edit]

Currently in operation [edit]
(in chronological order of startof operations)
. 1960s: TM1-MH (since 1977 Castor; since 2007 Golem(12) in Prague, Czech Republic. In operation in Kurchatov Institute since
early 1960s but renamed to Castor in 1977 and moved to IPP CAS /23! Prague; in 2007 moved to FNSPE, Czech Technical University
in Prague and renamed to Golem (141
- 1975: T-10, in Kurchatov Institute, Moscow, Russia (formerly Soviet Union); 2 MW
1983: Joint European Torus (JET), in Culham, United Kingdom
. 1985: JT-60, in Naka, Ibaraki Prefecture, Japan; (Currently undergoing upgrade to Super, Advanced model)
1987: STOR-M, University of Saskatchewan; Canada; first demonstration of alternating current in a tokamak.
. 1988: Tore Supra,(*3) at the CEA, Cadarache, France
- 1989: Aditya, at Institute for Plasma Research (IPR) in Gujarat, India
1980s: DIII-D, %! in San Diego, USA; operated by General Atomics since the late 1980s %
. 1989: COMPASS, 33 in Prague, Czech Republic; in operation since 2008, previously operated from 1989 to 1999 in Culham, United  aicator C.Mod G
Kingdom
- 1990: FTU, in Frascati, Italy

- 1991: Tokamak ISTTOK,[37) at the Instituto de Plasmas e Fusao Nuclear, Lisbon, Portugal; = S
1991: ASDEX Upgrade, in Garching, Germany %m\ &
e
N
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The GOLEM tokamak for education - historical background

Kurchatov Institute near Moscow, Culham Centre for Fusion Energy
Soviet Union Great Britain

1960: TM1-MH 1989: COMPASS-D

. o
L \974 2?

Institute of Plasma Physics
Czech republic
CASTOR COMPASS
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Czech Technical University Prg
Czech republic
GOLEM




GOLEM

... somewhere, in the ancient cellars of Prague,

there is hidden indeed "infernal” power. Yet it is the very power of celestial
stars themselves. Calmly dormant, awaiting mankind to discover the magic
key, to use this power for their benefit. . .

At the end of the 16th century, in the times when
the Czech lands were ruled by Emperor Rudolf Il, in
Prague, there were Rabbi Judah Loew, well known
alchemist, thinker, scholar, writer and inventor of
the legendary GOLEM - a clay creature inspired with
the Universe power that pursued his master's
command after being brought to life with a shem, .
Golem is not perceived as a symbol of evil, but
rather as a symbol of power which might be useful
but is very challenging to handle. To learn more of
the Golem legend, see e.g. [1].



https://en.wikipedia.org/wiki/Golem

The global schematic overview of the tokamak GOLEM

experiment
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The GOLEM tokamak mission

probe techniq
ii) Runaway electro




Production

m Everything via http://golem.
fjfi.cvut.cz/Alias

This presentation

Control rooms

Contact: Vojtech Svoboda,
+420 737673903,
vojtech.svoboda®fjfi.cvut.cz
Videoconference:
https://meet.google.com/hnv-
qjhu-xvi



http://golem.fjfi.cvut.cz/Alias
http://golem.fjfi.cvut.cz/Alias
https://meet.google.com/hnv-qjhu-xvi
https://meet.google.com/hnv-qjhu-xvi
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Tokamak magnetic confinement concept

credit: Tokamak concept@Wiki


wiki:GeneralTokamakConcept

Tokamak (GOLEM) basic concept
to confine and heat the plasma

transformer primary winding coils

TO: generate toroidal electric field E 4

Transformer to breakdown neutral gas into a plasma
core and drive the current (heat it)

om, Plasma [ Diagnostics
t_"’uenmmnem\i“"* - ports
"l magnetic field 1ine"

LT p—

Toroidal ~ . [ ar
magnetic field r 4
coils U w2

TO: generate toroidal magnetic field B,

to confine the plasma Vacuum

chamber
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Our goal: the technology to create a uSun on the Earth




Magnetic confinement requires toroidal geometry




A chamber contains the thermonuclear reaction




Toroidal magnetic field coils confine the plasma




A transformer action creates and heats the plasma

Ll 1|

- . =y

(ol ]




The final technology altogether
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Plasma in Tokamak (GOLEM) - the least to do

B session start phase:
m Evacuate the chamber

Preionization (electron gun)

Magnetic confinement B, generation

' LT m pre-discharge phase
'|' ( T m Charge the capacitors
m Fill in the working gas

B Preionization
m discharge phase

Current drive F. generation ) .
+ . ~ m Trigger Magnetic
v J. | confinement & Current
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m post-discharge phase



Plasma in Tokamak (GOLEM) - the least to do

B session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
B Preionization
m discharge phase
m Trigger Magnetic
confinement & Current
drive

m Plasma positioning
m Diagnostics

m post-discharge phase




Plasma in Tokamak (GOLEM) - the least to do

B session start phase:

Magnetic confinement B, generation B Evacuate the chamber
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Plasma in Tokamak (GOLEM) - the least to do

B session start phase:
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m post-discharge phase




Plasma in Tokamak (GOLEM) - the least to do

B session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
B Preionization
m discharge phase
m Trigger Magnetic
confinement & Current
drive

o pu € <010 . 40> [mPa m Plasma positioning
m Diagnostics

m post-discharge phase




Plasma in Tokamak (GOLEM) - the least to do

B session start phase:

Preionization (electron gun)
— S/ Wi € <on .. on

off> [

m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase

m Trigger Magnetic
confinement & Current
drive

m Plasma positioning

m Diagnostics

m post-discharge phase



Plasma in Tokamak (GOLEM) - the least to do

B session start phase:

Magnetic confinement B, generation m Evacuate the chamber
. A m pre-discharge phase
~ 1 ( Wl m Charge the capacitors
i P — m Fill in the working gas
e N m Prejonization
‘ ot € <0... 1000 .. 10000> [1s] ™ discharge phase
Current drive F generation
% . ~ m Trigger Magnetic
I : confinement &
T ( ; ] Current drive

m Plasma positioning
m Diagnostics

m post-discharge phase



Tokamak GOLEM - schematic experimental setup

Preionization (electron gun)
— S8/ Wieion € <on .. on .. off> [-]

Magnetic confinement B; generation

Chy .
135 mF-l- . 2KV
|

— Up, € <200 .. 800 .. 1300> [V]

Trigger
sequence

Current drive E.q generation

Crea

Vacuum stand
@ GAS 48 IIIFT ( 2KV
><— handling %

— py € <0 .. 10 .. 40> [mPa] — Ugeq € <200 .. 450 .. 700> [V]
— tpeq € <0 .. 1000 .. 10000> [ps]




Remote control interface of the GOLEM tokamak

ren!erlng settings

Introduction | [ENNSIUFRECEN  Preionization | Magnetic field | Electricfield | Submit 3D model rendering method:  IECUEEUENICUN  Interactive X3DOM (slower)

Set the pressure and type of the working gas from which the
plasma is formed. Pressure must be high enough for plasma to
form, but low enough for gas breakdown to occur.

3D model rendering

A
@ GAS ) )
handling engineering scheme

Gas type and pressure pyc= 16 mPa

~— sliders and checkboxes

Set recommended value [l 3 workflow buttons




Let's make a discharge
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Introduce the working gas (Hydrogen x Helium)




Switch on the preionization




Introduce the magnetic field




Introduce the electric field




Plasma ..
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Infrastructure room (below tokamak) 10/16




Infrastructure room (below tokamak) 10/16

Current drive CD field To the tokamak
and toroidal magnetic Bt field GOLEM Rotary Vacuum
circuits pump control

Current drive CD
capacitors

Toroidal fire

magnetic field B protection
r~Aanacitare svstem



Tokamak room (North) 10/16
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Tokamak room (North) 10/16

Preionization Vacuum

. Mirnov coils
;oﬁzldah aun 9auge  giagnostics DAS
eld coils
Transformer ports system
core

Transformer

primary windings

High temperature
cryostat

Mass
Spectrometer

Turbomolecular
Vacuum chamber pump

with ports

Mach probe

Air, Hy, He

reservoirs
IP camera



Tokamak room (South) 10/16
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Tokamak room (South) 10/16

Magnetic confinement Diagnostics
demonstration Photodiodes Bjasing electrode

Diagnostics experiment Transformer
micgrowave core Diagnostics
interferometry oop Voltage
ransformer
Diagnostics primary windings
Rogowski coil

Vacuum chamber
with ports

HTS cryostats
Gas management

cable, delivering
current into
toroidal magnetic coils

Toroidal Diagnostics
field coils  fast cameras
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The GOLEM tokamak - basic diagnostics

Photocell
with H, filter

coil (hot) B, field coils
& small Bymeasurement coil



Hands on the GOLEM tokamak - equipment




Basic diagnostics

numerical processing, shot homepage

~C ® A - x B [®mo/mlenioutajhossis

Tokamak GOLEM - Shot Database - #39187 =

The date of discharge

‘The discharge comment
Discharge command

Technological parameters %

+ Working Gas: p
)

1,66 mpa; pESE 10,40 mpa (5= 10 mPa@ X =

" =450 V@t =350,0 us

220518 17:55:04 ¥ swot. Loghook]
11> EDU (MHD + biasing) %
3%

Vert & Rad stab
copy | /Dirigent.sh ~discharge ~UBt 1200 -TBt 0 ~Ucd 450 ~Tcd 350 ~preionization 1 ~gas H ~pressure 10 ~diagnostics.limitermimoveoils *vacuum shot=39109" ~discharge preionization

ischarge.position_stabilization
000,0:9000,-20;18030,0;20000,0;30000,0' vertical_switch="0n',radial_waveform="2000,0;3000,0;8000,-20;18000,0;13000,0,25000,0'

rt & Rad Stab”

oL

Plasma: * . &=

. + Plasma: yes or no: 0
+ Time parameters: A,

49 M0ty =17,57 ms)

samber 5,08 ms (from:,

=1200 V@™ =0,0 us
Plasma parameters:* - & &

+ 100p voitageDioep=8.02 Vi M, e Uoop=9:89 Vi Uisenktons =103

+ Toroidal magnetic field: 50,40 T; masx.

autoreload: W previous | next | current

Basic
Diagnostics

Navigation

On stage diagnostics

Data flow measures
Name Experiment setup

ment -+ digitization - analysis »

Data acquistition system Raw data nalysis results




Basic diagnostics - numerical processing, raw data

On stage diagnostics

Data flow measurement analysis +
Name  Experiment setup

- digitization -+
Data acquistition system Raw data Analysis results

Basic
Diagnostics

2022-05-1817:58 1.2K
2022-05-1817:58 13K
lsaall 2022-05-1817:58 2.4K
8 rawdata.jpg 2022-05-1817:58 13K

Apache/2.4.38 (Debian) Server at golem. fifi.cvut.cz Port 80



Basic diagnostics - numerical processing

Jupyter-notebook@GitLab Download & play

€~3-2-Cc O a-0

£ » Sho

Experiment setup  Data acquistition system Raw data Analysis results

@ -

Basic
Diagnostics

AboutGitLab v Pricing  Talk to an expert earch GitLab

D Dirigent
B SendardoRSipyni & wesws »[0) T - o -
Q@ Project information
B Repository Tokamak GOLEM B diagnostics
Files
BR
Commits
Procedure (This notebook to download)
Branches
Tags bash wrapper, Error log

Contributors

Prerequisities: function definitions

Graph
EIEED Load libraries
Locked Files
D 1ssues 0 smatplotlib inline
inport os
33 Merge requests 0 import nunpy as np
& cweo inport matplotlib.pyplot as plt
from scipy import constants, integrate, signal, interpolate
@ Deployments import sqlalcheny
« Collapse sidebar import pandas as pd

import subprocess



Basic diagnostics - numerical processing, Jupyter-notebook

applied on the Discharge #

€~3-2-Cc O a-0

£ » Sho

Name. Analysis results

Basic
Diagnostics

@ -

R SITWE Gy IEICWa s ISV GO

0.000 0.005 0.010 0.015 0.020
Time [s]

Procedure (This notebook to download)

bash wrapper, Error log

Prerequisities: function definitions

Load libraries

smatplotlib inline
import os

inport numpy as np

import matplotlib.pyplot as plt
from scipy import constants, int
inport sqlalchemy # high-le
import pandas as pd

import subprocess’

egrate, signal, interpolate
Uibrary for SOL y

For interactive web figures

import holoviews as hv
hv.extension('bokeh')
import hvplot.pandas

»
o
For conditional rich-text boxes

from IPython.display import Markdown



Loop voltage U; @ the GOLEM tokamak




Basic diagnostics - numerical processing, Ujoop

t scale = 12-3 4f in Seconds else 1
if is_plasna
for t in (t plasna start, t plasna_end)
plt.axvline(t * t scale, color='k', linestyle='--

U, management

Check the data availability

Loop_voltage = read_signal(shot no, 'U Loop’)
polarity (D = read_paraneter (shot_fo, 'C0_orientation')
if polarity o 1= “w': # T000 hardcoded for now!
Toop_voltage *= -1 # ma)
Loop_yoltage = corract ni(loop_votzage)
Loop_voltage. locl:
oLtage p\mana.nm

Show plases. Uit
e abELerTing (517, ylabelatsu L5 [V]", titlescLoop voltage SU L A{}".forsat shot_no));

(Text(o.5, 0. [Tine (o))
Text (0 s (V1
e o, ot Vetage su 16 mso1e71)

Loop votage U, #39187

00
us
50 \
2s

v

00 oos  oow oo oom
Time 5]

B; calculation
Check the data availability
s as magnet measuromen, sothe i nty gve 2

Bt = read_signal(shot_no, ‘U Btcoil)
potarity 8t = read paraneter(stot_no, ‘st grientation)
T0D0 hardcoded for now!

SdU_{8_t)/dts [V", titl

i anelaTing [s1°, ylabel

tcoil raw signal #{)*. format (shot_no));



Toroidal magnetic field B; @ the tokamak GOLEM

8 [T]

#39187

—— Toroidal magnetic field

Toroidal field
coils

Measuring
coil



Basic diagnostics - numerical processing, B;

B; calculation

Check the data availability

15 magnetc measuremers. so e o data oy g

4 sigal st o, BCos
Uo\au\y st read »aum&lel\shul o, "B orie

aat Searrect i
B = dat. \udufhel 21.ean
ax = ast plotgric

Shou slaces Limice)
ax.set(xiabel="Tine (51", ylabel="3al {5_1)/4tS V1", title="8tcoil_raw signal #()°.formatishot o))

iy 1)
au signal #39187'))
BxColraw sns #3917

“ .

Integration (it is a magnetic diagnostic) & calibration

BtCoil = Float(read paraneter (shot no, ‘SystenParas Coil ) 4 Get
BANC BtCoLt L ioration Factor K BiCoi1o0) THve: format K Bicoil)

76.02 7/(¥s)

Btcosl calibration factor K BtCoi

= pd.Series (integrate. cuntrape dat,
et e e

+ KBtcoil

=dBt. index, initial=

o D\asnl thits()
SRimsRaLine (51, ylabel='.18 (1), titte="Tor

dal magnetic fiold $8.15 (" fornat(shot_no));

tecte s, 9. Tive (1))
&

agnetic t1eld 58 5 439187°)]
Toridal magnatc eld 5, #2018

=




Total current lopyp




Basic diagnostics - numerical processing, Uchyp

¢35 -+-CO®a-Mx A

T T e 7 P TR ST 7T
= 1o

ax.1agendl

Show plasna Linits()

axset(ctabel="Tine (51", ylabel='s1s [A]", title='astimted chanber current and neasured total

e v o s oy e s s Pt.grial

Chamber (+ Plasma) current I+, calculation

Check the daia avalabiy

B et

Plasma current I, calculation

Wiere s pasma.

L=1
nesaion ks a magnei dposie) & calbrason i
P i e fo True, Label='naive $I {ch}=U L/R {chs')
P T S B e A

(P14 #0°. fornatshot_no))

et cotrge g, i v, initis) < K fopmiCot SR (mabetiae (51, ylabele"ST_(5}S [A1", titlesPlasea current 61
i et

h o e

R Plasma detected

plasma fetme of 15,1 ms, rom 2.5 s 10 7.6 ms.

Fssms caent, 429167

Chamber current I(h calculation

[ —— mers)

Lt Figure(dpi=z00

u 2 el 41 (ch°), Toch.renson( 'S (cH}+1 '), Tprannat




Visible radiation

#39187

——  Hg Radiation power
0125

0.100

0075

trd 2]

0050

0.025

0,000

o H 10 5 20
Time [ms]



Electron density n. interferometry measurement scheme

MW generator PLASMA

O splitter sin(wt)
_/

sin(wt)

sin(wt+o)

. mixer diode
analogue analysis

circuit selective f. band amplifier

saw-tooth voltage

enerator
9 Tektronix DPO 3014

oscilloscope




The GOLEM tokamak interferometry HW




Finally " Typical”, well executed discharge @ GOLEM

#39187
25
S %8 ] —— Loop voltage U,
S 1(5): A
0
Fo04f 0
o 0.2 A —— Toroidal mag. field B;
0.9 1
g3 0
= 27 —— Plasma current /,
5 < ] A
& 0.197 X
238!
RER —— Whole spectrum radiation
9 0.00
£ 0.64 —— electron density ne 0
< 0.4 1
0'2 a f’-—
0.0 T T

5 10 15 20
Time [ms]

o



Shot homepage (~ 2 minutes after discharge execution

Tokamak GOLEM - Shot Database - #40631 =

The date of discharge execution 23.02.07 17:2354 shot Logbook]
i rvice
The session ID 40605 ¥
s The discharge comment Rake probe S6mm
> Discharge command Dirgent sh ~ischarge --UBI 800 ~TB 0 ~Ucd 450 ~Td 500 -preionization 1 -gas H ~pre
Disgnos: grostics.imiermimovcoils “vacuum_Shot=40615" ~discharge preionization ‘m
' radial_switch="on' vertical_ waveforn
dial X 3
‘ScanDefintion 40625 40629" ~comment "Rake probe Somm” ]
Technological parameters
« Working Gas: piaciafte 015 46 mpa; pIE P 04 mpa (D™ = 15 mPa@ Xjyy ' =H)
« Toroidal magnetc ied: Uy =800 V@™
« Cunent drive field: UZ:=450 v@#.3
Plasma: * - &
+ Plasma: yes or no: @
+ Time parameters:At,=10.88 1S (HOM 1,141 =2.67 M510:L0g=13.54 ms)
Plasma parameters:* -
- L00p voltage:Tinp=5.82 Vi 1Az sisctarg Uioop =167 V; Upseams 2000 V.
operations + Toroidal magneic field: B,=024 T, M, g cporge Bi=0.36 T

+ Plasma current

=292 ka; =000 ms

On stage diagnostics

Data flow _ measurement . digitization — analysis -
Name  Experiment setup Data acquistitin system  Raw data Analysis results
=
3% v
] - e
] - .
P D -
a ¥
5.1 (% ™) v =
ot (=
R Withoy a
§ H § / | Analysis v
] H

Basic Diagnostics
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Remote control interface of the GOLEM tokamak

ren!erlng settings

Introduction | [ENNSIUFRECEN  Preionization | Magnetic field | Electricfield | Submit 3D model rendering method:  IECUEEUENICUN  Interactive X3DOM (slower)

Set the pressure and type of the working gas from which the
plasma is formed. Pressure must be high enough for plasma to
form, but low enough for gas breakdown to occur.

3D model rendering

A
@ GAS ) )
handling engineering scheme

Gas type and pressure pyc= 16 mPa

~— sliders and checkboxes

Set recommended value [l 3 workflow buttons




Control room: Introduction

T (T ) (s Py 2 modet rendering metnoo: (R R Imeracive X300M (siowe)

This web interface will walk you through the process of configuring a
discharge in the GOLEM tokamak. All settable values are perfectly
safe. Proceed through each step by setting the desired values and
then clicking the Next button. You can always go to a specific step by
clicking its tab.

Preionization (electron gun)

Toroidal magnetic field

Current drive

v

VAN
@ GAS ‘@

handling



Control room: Working gas

Set the pressure and type of the working gas from which the plasma is formed. Pressure must be high
enough for plasma to form, but low enough for gas breakdown to oceur.

Vacuum
stand

Qe

handling

R T——.

Set recommended vaiue




Control room: Preionization

neoacton | otang ges Magneicen | clecucton | submt 50 model egerng meins

The neutral working gas must be first ionized in order to break down Into a plasma.Using the eleciron gun
will locally fonize the gas. Without any ionization, no plasma can form,

Preionization (electron gun)

lonization method




Control room: Magnetic field B;

woaucson | wosng s | preonzsion Eeccten | suom

Set the voliage on the capacitors to be discharged into the toroidzl field coils. The higher the voltage, the
larger the magnetic field confining the plasma.

2|

Toroidal magnetic field




Control room: Current drive E4

oacson | otang g | preonzston | ognetenes PO ... xsoon (sover

Set the voltage on the capacitors to be discharged into the primary transformer winding. The higher the

voltage, the larger the electric field creating plasma.The electric field
discharged after a configurable delay with respect to the magnetic field capacitors,

B A
Time oeay oflctrc e star e e magnetc g sars = O microseconds
Capacorvorage Ug= 400
‘Set recommended value




Control room: ... and Submit

woaucson | wosng s | preonizsion | wegnesenes | cecvenes [ EREERY 30 mode endering meod RO crococe xaoom sower

Write a comment describing your discharge configuration, L. the scientific aim of your experiment. O Just
leave a friendly message.

hoxine vt ot o sns your gt o e cuece ([

rsbeniorti At

Er—




Shot homepage (~ 2 minutes after discharge execution

Tokamak GOLEM - Shot Database - #40631 =

The date of discharge execution 23.02.07 17:2354 shot Logbook]
i rvice
The session ID 40605 ¥
s The discharge comment Rake probe S6mm
> Discharge command Dirgent sh ~ischarge --UBI 800 ~TB 0 ~Ucd 450 ~Td 500 -preionization 1 -gas H ~pre
Disgnos: grostics.imiermimovcoils “vacuum_Shot=40615" ~discharge preionization ‘m
' radial_switch="on' vertical_ waveforn
dial X 3
‘ScanDefintion 40625 40629" ~comment "Rake probe Somm” ]
Technological parameters
« Working Gas: piaciafte 015 46 mpa; pIE P 04 mpa (D™ = 15 mPa@ Xjyy ' =H)
« Toroidal magnetc ied: Uy =800 V@™
« Cunent drive field: UZ:=450 v@#.3
Plasma: * - &
+ Plasma: yes or no: @
+ Time parameters:At,=10.88 1S (HOM 1,141 =2.67 M510:L0g=13.54 ms)
Plasma parameters:* -
- L00p voltage:Tinp=5.82 Vi 1Az sisctarg Uioop =167 V; Upseams 2000 V.
operations + Toroidal magneic field: B,=024 T, M, g cporge Bi=0.36 T

+ Plasma current

=292 ka; =000 ms

On stage diagnostics

Data flow _ measurement . digitization — analysis -
Name  Experiment setup Data acquistitin system  Raw data Analysis results
=
3% v
] - e
] - .
P D -
a ¥
5.1 (% ™) v =
ot (=
R Withoy a
§ H § / | Analysis v
] H

Basic Diagnostics
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GOLEM basic Data Acquisition System (DA

Data file example, DAS At = 1lus/f = 1MHz (neutral gas into
plasma breakdown focused)

m U, Us, U, ), lrad

m At=1pus/ f =1MHz. ‘ U mUsr RV Nl
m Integration time = 40 ms, thus : : " :
DAS produces 6 colums x 40000 first ~ 7405 lines .
rows data file. : : : :
m Discharge is triggered at 5th 0.007383 153931  0.390015 0.048828 0.001831
milisecond after DAS to have a 0.007384 153686  0.395508 0.067749 0.00061
. e 0.007385 154053  0.391235 0.079956 0.00061
zero status identification. 0.007386 153686  0.38147 0.072632 0
0.007387 154207  0.397949 0.059204 0.00061
0.007388 154053  0.384521 0.05249 0.00061
0.007389 154053  0.30856 0.068359 0.001221
0.00739  1.54053  0.393677 0.082397 0.001221
0.007391 153809  0.38208 0.072632 0.001221
0.007392 154297  0.400391 0.056763 0.00061
0.007393 154410  0.383911 0.053101 0.00061
0.007394 153931  0.397339 0.068359 0.001221
0.007395 154297  0.391846 0.084229 0.00061
0.007306 154541  0.394897 0.074463 0.00061
0.007307 154297  0.388184 0.056763 0.001221
0.007308 154297  0.391846 0.056763 0.00061

0.007399 1.54297 0.394287 0.06897 0.00061

néxt % 32500 Iine-s .



Data access

All the recorded data and the settings for each discharge (shot) are available at
the GOLEM website. The root directory for the files is:

http://golem.fjfi.cvut.cz/shots/<#ShotNo>/
The most recent discharge has the web page:
http://golem.fjfi.cvut.cz/shots/0

Particular data from DAS specified with <DASname> and
<DASchannelidentifier> have the format:

http:
//golem.fjfi.cvut.cz/<#ShotNo>/<DASname>/<DASchannelidentifier>


http://golem.fjfi.cvut.cz/shots/<#ShotNo>/
http://golem.fjfi.cvut.cz/shots/0
<DAS name>
<DAS channel identifier>
http://golem.fjfi.cvut.cz/<#ShotNo>/<DAS name>/<DAS channel identifier>
http://golem.fjfi.cvut.cz/<#ShotNo>/<DAS name>/<DAS channel identifier>

Jupyter (python)

import numpy as np
import matplotlib.pyplot as plt

shot_no = 39187

identifier = "U_loop.csv"
DAS=’Diagnostics/BasicDiagnostics/Results/’

# create data cache in the ’golem_cache’ folder

ds = np.DataSource(’golem_cache’)

#Create a path to data and download and open the file
base_url = "http://golem.fjfi.cvut.cz/shots/"

data_file = ds.open(base_url + str(shot_no)+ ’/’ +DAS +identifier)
#Load data from the file and plot to screen and to disk
data = np.loadtxt(data_file,delimiter=",")
plt.title(’#’+str(shot_no))

plt.plot(datal:,0]*1000, datal:,1]) #1. column vs 2. column
plt.xlabel (’Time [ms]’);plt.ylabel(’$U_1$ [V]’);
plt.savefig(’graph. jpg’)

plt.show()

#Run it: save it as script.pyv and run "pvthon script.py" or execute in a



\YEYdEY)

ShotNo=39187
baseURL="http://golem.fjfi.cvut.cz/shots/’;
diagnPATH=’/Diagnostics/BasicDiagnostics/Results/U_loop.csv’;
%Create a path to data
dataURL=strcat (baseURL, int2str (ShotNo) ,diagnPATH) ;
% Write data from GOLEM server to a local file
urlwrite(dataURL, ’LoopVoltage’) ;

% Load data

data = load(’LoopVoltage’, ’\t’);

% Plot and save the graph

f = figure(’visible’, ’off’);

hold on

plot(data(:,1)*1000, data(:,2), ’.’) ;
xlabel(’Time [ms]’)

ylabel(°U_1 [V]’)

hold off

print -djpeg plot.jpg

close(f)

exit;



Octave

ShotNo=39187
baseURL="http://golem.fjfi.cvut.cz/shots/’;
diagnPATH="/Diagnostics/BasicDiagnostics/Results/U_loop.csv’;
%Create a path to data
dataURL=strcat (baseURL, int2str (ShotNo) ,diagnPATH) ;
% Write data from GOLEM server to a local file
urlwrite(dataURL, ’U_Loop.csv’) ;

% Load data

data = load(’U_Loop.csv’, ’\t’);

% Plot and save the graph

plot(data(:,1)*1000, data(:,2), ’.’) ;
xlabel(’time [ms]’)

ylabel (’U_{loop} [V]’)

saveas(gcf, ’plot’, ’jpg’);

exit;



Gnuplot

identifier = ’U_loop.csv’ ;

ShotNo = ’39187’

# Create a path to the data
DAS=’Diagnostics/BasicDiagnostics/Results/’
baseURL="http://golem.fjfi.cvut.cz/shots/’

DataURL= baseURL.ShotNo.’/’.DAS.identifier

set datafile separator ’,’;

set title "Uloop for #".ShotNo;

! wget —-q @DataURL ;# Write data from GOLEM erver to a local file
# Plot the graph from a local file

set xrange [0:0.02];set xlabel ’Time [s]’;set ylabel ’U_1 [V]’
set terminal jpeg; plot identifier u 1:2 w 1 t ’Uloop’

shot_no=39187;\
signal_id="Diagnostics/BasicDiagnostics/Results/U_loop.csv";\
gnuplot -p -e "set title \"Golem\";set datafile separator \",\";\
set xlabel \"t [s]\";set ylabel \"U\";\

plot \"< \

wget -q -0 - http://golem.fjfi.cvut.cz/shots/$shot_no/$signal_id\" \
w1t \"U\""



GNU Waget is a free software package for retrieving files using HTTP,
HTTPS and FTP, the most widely-used Internet protocols. It is a
non-interactive commandline tool, so it may easily be called from scripts,
cron jobs, terminals without X-Windows support, etc.

m Runs on most UNIX-like operating systems as well as Microsoft
Windows.

m Homepage: http://www.gnu.org/software/wget/
m Basic usage:
m To get U;: wget http:
//golem.fjfi.cvut.cz/utils/data/<#ShotNo>/loop_voltage
m To get whole shot: wget -r -nH —cut-dirs=3 —no-parent -12 -Pshot
http://golem.fjfi.cvut.cz/shots/<#ShotNo>


http://www.gnu.org/software/wget/
http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/loop_voltage
http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/loop_voltage
http://golem.fjfi.cvut.cz/shots/<#ShotNo>

= RE A

File—Open—
http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/<identifier>

Spredsheets (Excel and others)

are not recommended, only tolerated.


http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/<identifier> 
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The global schematic overview of the tokamak GOLEM

experiment

Preionization (electron gun)

Magnetic confinement B; generation

2kV

Current drive E.q generation
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Production

m Everything via http://golem.
fjfi.cvut.cz/Alias

This presentation

Control rooms

Contact: Vojtech Svoboda,
+420 737673903,
vojtech.svoboda®fjfi.cvut.cz
Videoconference:
https://meet.google.com/hnv-
qjhu-xvi



http://golem.fjfi.cvut.cz/Alias
http://golem.fjfi.cvut.cz/Alias
https://meet.google.com/hnv-qjhu-xvi
https://meet.google.com/hnv-qjhu-xvi

Recommended values for the GOLEM tokamak operation

Vacuum
stand

@ |

ization (electron gun)

) :
( :

i

]

Toroidal magnetic field

Current drive

cas (/

[:

oy

+

handling

Preionization: Top electron gunn

Gas: Hydrogen. A Working gas
pressure: pye [mPa] < 0,40 > mPa

A voltage to charge the Current drive
field E; capacitor: Ug, [V]

< 400,700 > V

A voltage to charge the Toroidal
magnetic field B; capacitor: Ug, [V]
< 600, 1200 > V

Time delay of the E; trigger with

respect to the B; trigger: Tcp [us]
< 0,10000 > ps



Fee: postcard from the venue of remote measurements
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Towards ... Energy confinement time

Tokamak
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P Energy confinement time - demo
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"Confinement time"
time (a.u.)



Lawson Crlterion ; credit:Lawson criterion @ Wiki [5]

Net power = Efficiency x (Fusion - Radiation loss - Conduction loss)

The confinement time: 7¢ = P‘I/V
0SS

Energy density W = 3nkg T & rate of radiation and conduction
energy loss per unit volume P,

Reactions per volume per time of fusion reactions is:

f = nany(ov) = 1n?(ov)

m Fusion heating fE.,, where E., = 3.5 MeV should exceeds the losses:
fEch > Ploss

>Ll=— >15-10
e = Ep (ov) m3

(DT reaction@minimum =~ 26 keV)



The competition

The ITER: 3.6 s The GOLEM: ???7 s or ms or us 77

credit:[6]

credit:[3]



Energy balance of the house
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Energy balance of the tokamak

Energy confinement time - demo
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Energy confinement time

Under the assumption of a simplified power balance, the heating power Py
is partially absorbed in the plasma and leads to an increase of the plasma
energy W, and the rest is lost as the loss power Pjqss

dw,
P T P 0ss
H= P+ P

The energy confinement time is defined as the characteristic time scale of

the exponential decay of the plasma energy W, due to the loss power Py oss:
We _ Wp

PLoss PH — de/dt

TE =

Choosing the quasistationary phase of the plasma discharge, where
% = 0 gives:
Wp(t)

TE(t) = PH(t)




The discharge - quasistationary phase

Quasistationary
phase

Golem shot No:12529
T T T T T T
25 L Loop voltage i

Ui vl
G
T
|

[ T‘oroidal‘magA fleld ——

B¢ [T]

T T T
4.0 - Plasma current
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o
N
:

030 T T T T T T ; =
016 - Visible R

ne [1018 m3] Intensity [a.u.]
o
o
o

I I I I I I
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time [ms]




Plasma heating power

On the GOLEM tokamak the only heating mechanism of the plasma is
ohmic heating Poy resulting from the plasma current /, flowing in a
conductor with finite resistivity R,. The time dependence of the ohmic
heating power can be calculated as:

PH(t) = POH(t) = Rp(t) . Ig(t)



Plasma Energy

The global plasma energy content W, can be simply calculated from the
temperature estimation T, (0, t), average density ne and plasma volume

V,, based on the ideal gas law, taking into account the assumed
2\ 2

Te(r,t) = To(0,t) <1 - r2> temperature profile:

a

kg Te(O, t
W,(t) = VP%B;(’)‘
The information that the magnetic field reduces the degrees of freedom of

the particles to two has been used to derive this formula.
m V,~ 80|



Central Electron Temperature estimation (Spitzer Formula)

The time evolution of the central electron temperature T,(0, t) is
calculated from equation based on Spitzer's resistivity formula (see eg.
[2].[4]):
Te(0,t) = —= L
(0.¢) <a2 1544 R,(t)

For particular case of the GOLEM tokamak it says:

2/3
) ,[eV;m, Q]

2/3
T.(0,t)=0.9- ((lj/((tt))) ,[eV; A, V]



ID:irog  ID:loop_voltage

v ¥

IDt:irog ID:loop_voltage ID:electron_density
]

Loop Voltage U, (t)
Chamber+plasma current I, ()

| [lokamak GOLEM plasma volume:V/, = (57 & 5) 1
Boltzman constant: kp = 1.38 - 10~ Boa J/K
Energy associated with 1 ev:e]/ — 1.602-10—1° J

Loop Voltage Uj(t)

1
1
1
1
1
' !
1 Chamber current 7, ()

g T T
|Chamber resistance Rej, ~ 705 el |9I Plasma current 1 (t) = Lenp(t) — Len(t) = Lentp(t) — Ul:(:) I

y |3

| Plasma resistivity R = 7

v v
IPIasma R - POH — Rp . Ig I ICeptraI Electron temperature (in eV) Te (0) —09-. R72/3 I

Spitzer formula)GOLEM case
v ¥
The loss power Wy _ ). -Ploss = POH Total electron energy content|J/ — 1/ .
di i P
—

ne-kp-(Te(0)-eV) I
3

in the form of estimated value

N ) Note: All physical quantities requested
The electron energy confinement time TeE =
and associated degree of uncertainty

WP
Pioss




The GOLEM tokamak - standard diagnostics

Plasma

Photocell
with H, filter
~b-

coil (hot) B field coils
& small B;measurement coil



Hands on the GOLEM tokamak - equipment




The GOLEM tokamak interferometry HW




Vacuum x Plasma discharge @ Oscilloscope
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note on magnetic measurements



Schematic of electromagnetic diagnostics

Voltage loop
U, = 27R - E,

Rogowski coil plasma
>

Diamagnetic
loop

U~ B
Magnetic coil

credit:[4]



Rogowski coil for the (chamber & plasma) current ey
measurements

m Ampere’s Law: V x B = poj

(neglecting D)

m current through (const) surface S:
Ji-dS = lensp

m (const) poloidal field along surface
border I: [V x B-dS = § B,dl = IB,

m voltage induced: Uy,  + U — U =
_NBpSc = _NO%]ch—i-p

m The wire of the coil is back-wounded to

ommit a strong toroidal magnetic field

B; signal.



Magnetic measurements generally |

m Raw signals (analog U,(t) or, respectively, it's discretized digital U;
counterpart form ) must be specialy maintained:
m corrected for the DC bias Uymer Of the measurement circuit,
m integrated (pure diagnostics signal voltage Uy(t) is induced by the time
derivative of the appropriate magnetic flux),
m multiplied by calibration factors Cy (Cgt, Cgrc).

m We can express the basic relationship U,(t) = Uqg(t) + Uoffset

m The measured signal Uy(t) is proportional to the time derivative of the
original physical quantity D(t) signal (it is a magnetic measurement):

dD(t)
dt '

dD(t)
dt

Ud(t) X r Ud(t) =Cy

Where the linearity coefficient C, is called a calibration factor.



Magnetic measurements generally |l

m To determine the desired physical quantity D(t), we just have to
perform an integration over time:
t

D(t) = Cld/Ud(t’)dt’ _ 1/ (Un(£) — Uspoer) d’
0

Ca
0
m In reality, the measurement is not continuous. The system performs a
series of measurements U; separated by with time step At =1 us.
m In practice, we replace the integral by a sum:
t/At
Di = Cid Z (U,(t_,) - Uoffset)At

Jj=0
t/ At

Di = Cid ZOUI(t:j) _Uoﬂ‘"setlL
J:

m The offset U,ser can be specified from the beggining of the data
series before switching on the real experiment.



Magnetic measurement demo - game with Upfre:

Without Ugfset With Uofrser

n(r) ——
[ sin() e sin(z) ——
[sin(z)
4
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3
3
i 2 =
= s 2
1
1
0
0
-1
0 5 10 30 -1
0 5 10 15 20 25 30

Time [ms]



Table of Contents

Appendix
m The Electron energy confinement time calculation (rough estimation)
A
m Few moments from the tokamak GOLEM history



XX/YY: TM-1

—= I




XX/YY: CASTOR




12/07: Last minutes at the IPP Prague




12/07: First minutes at the CTU Prague




07/09: First plasma in the tokamak GOLEM

Casové priibéhy signalii zietelné ukazuji, Ze doslo k priirazu neutralniho plynu a k
zformovani plazmatu.

15
10 | ) ]
5l & i
0 f=———
5 N
-10 Y T
s e o0 g we e 2 1 3 ]

Uipop V]

B;[a.u]
o
o
T T T

Ipmn [a.u]

TT T T
PR

PhotoD [a.u.]
o oooo

Cas [ms]

O tom svedci:
1. Rychly pokles napéti na zavit v Case t = 6-7 ms a jeho malé fluktuace.které 1ze vidét az



09/09: Tokamak and tokamak




11/11: NP laureat at tokamak GOLEM




05/16: The youngest tokamak (GOLEM) operator, Adam
(7 years).




0916: ITER DG, Mr. Bernard Bigot (Shot #22185)

Quotation from Czech Television Hydepark

I am very pleased with the GOLEM ...




09/19 Paper model ABC




2010: Tokamak GOLEM




2011: The tokamak COMPASS with NBI




2016: ITER segment




2017: First Spitzer Stellarator




10/15: Trojan horse - #20000

Tokamak GOLEM - Shot Database - 20000
Do 2015022160025 T

ssion:
Comment: 20k

Congratulation, you have reached nuclear fusion.

The following explosion destroyed half of Prague and radioactive fallout contaminated whole Europe.

Have a nice day

Go to shot

Basic parameters: (compare)

+ Gas pressure pey10.25->15.38 MPa (fequest: 5 mPa)
+ Working gas: #

+ Preionization: Upper el gun

+ Chamber temperature: 20.00 C
+ Cp, capacitors charged to: 169

. triggered 5.0 5z w0
+ Cep capactors charged 1o: 0 V, iggered 5.0 ns =

+ Cep capaciors charged to: 598 V, iggered 6.6 »s
+ Csr capacitors charged o: 9 , triggered 5.9 ns ™™

« Probabily of breakdown: N/A =

+ Time since session beginning: 0:19:25 h

Plasma parameter:

Plasmalfe time 8.7 [ms] (fom 7.510 16.2)
Mean toroidal magnetic fied BE: 0.22 T =
Mean plasma current: 1.42 kA

Mean Uloop: 12.41 V.

Break down votiage: 105 V w

Onmic heating povier: 17.59 kW

ciron temperature: 13.5 &V
« Line electron density: /A [10°17.m2) we

‘Golom shot No:20000 o

— Loop voltage




11/17: GOLEM tokamak "mapping"

Tokamak GOLEM

MAPPING FJFI TOKAMAK NnJ17

)

~




Zakladni (¥adovd) statistika k 30.11.2012

Poclet dni od instalace: 1815.
Poclet operacnich dni: =~ 438.
Pocet hodin: ~ 1954

Pocet shotli: 10417.

Pocet shotli — > plazma: ~ 7600.
Primérna délka vyboje: ~ 7 ms.

Celkova delka trvani plazmatu: < 60 s.
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